Abstract Normal bone remodeling depends upon a balance between the action of bone-resorbing cells, osteoclasts, and bone-forming cells, osteoblasts. When this balance is disrupted, as is seen in inflammatory diseases such as rheumatoid arthritis (RA) and ankylosing spondylitis (AS), abnormal bone loss or bone formation occurs. In RA, proinflammatory cytokines induce osteoclast differentiation and inhibit osteoblast maturation, leading to articular bone erosions. In contrast, the inflammatory milieu in AS leads to excessive osteoblast activation and bone formation at sites of entheses. While much information exists about the effects of proinflammatory cytokines on osteoclast differentiation and function, more recent studies have begun to elucidate the impact of inflammation on the osteoblast. This review will summarize the mechanisms by which inflammation perturbs bone homeostasis, with a specific focus on the osteoblast.
Introduction
Bone remodeling occurs throughout adult life. This process, in which existing bone is resorbed by osteoclasts and new bone is formed by osteoblasts, is necessary to reshape and mend the skeleton [1] . Under normal physiologic conditions, the coupling of osteoclasts and osteoblasts is tightly coordinated to avoid a net loss or gain of bone. Many systemic and local factors have now been identified that regulate the interactions of these 2 cells [2] . Under the influence of factors that promote bone resorption, the fusion and differentiation of monocyte progenitors leads to the formation of multinucleated osteoclasts [3] . Apart from their function in bone resorption, osteoclasts have also been shown to play a role in the regulation of osteoblast differentiation and bone formation, influencing the coupling process at several levels [4] . As osteoclasts resorb bone matrix, factors from the matrix are released that can regulate osteoblast activity, including transforming growth factor beta (TGF-β) and insulin-like growth factors (IGFs) [5, 6] . Osteoclasts and osteoblasts also communicate via direct contact. For example, osteoclasts express membrane-bound ephrinB2 that binds the EphB4 receptor on osteoblast precursors. This contact both enhances osteoblast differentiation and inhibits osteoclast differentiation [7, 8] . Finally, osteoclasts secrete soluble factors that act to promote bone formation, such as cardiotrophin 1, which increases runt-related transcription factor 2 (Runx2) gene expression in the osteoblast and promotes differentiation [9] .
Osteoblasts are responsible for the synthesis and mineralization of bone, as well as the modulation of osteoclast differentiation. Derived from mesenchymal stem cells, osteoblast precursor cells require upregulation of the Runx2 transcription factor for commitment to the osteoblast lineage [10, 11] . In addition to their role in bone formation, osteoblasts also regulate osteoclast differentiation through the production of several factors including, macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear factor kappa-B ligand (RANKL), and osteoprotegerin (OPG). M-CSF acts to expand the pool of osteoclast precursor cells and promotes their survival [12] . RANKL, an essential factor for osteoclastogenesis, interacts with the RANK receptor on the osteoclast precursor to promote osteoclast differentiation [13] . To protect against excessive bone resorption, osteoblasts also produce OPG, a soluble decoy receptor that binds RANKL to inhibit osteoclast differentiation [14] . Other factors involved in osteoblast-osteoclast interaction include paracrine regulators, such as parathyroid hormone (PTH) and prostaglandin E2 (PGE2), which increase RANKL expression by osteoblasts [15, 16] . In addition, bone remodeling relies upon 2 other key pathways that regulate osteoblast differentiation and function, the Wingless (Wnt) and bone morphogenic protein (BMP) signaling pathways.
The Wnt and BMP Signaling Pathways
Wnt signaling plays a major role in osteoblast differentiation and bone formation [17] . Three Wnt signaling pathways have been identified, including the canonical Wnt/β-catenin pathway and 2 noncanonical pathways, the Wnt/calcium pathway, and the planar cell polarity pathway. The canonical Wnt pathway promotes osteoblast differentiation and incorporates checks and balances, with regulatory factors in place to maintain the balance of resorption and formation. However, inappropriate expression of various antagonists and agonists can disrupt this pathway, resulting in aberrant function of osteoblasts [18] . The canonical Wnt signaling cascade is activated by Wnt ligands, such as Wnt1 and Wnt3a, which bind membrane-bound receptor complexes. These complexes are composed of a frizzled protein receptor and the low-density lipoprotein receptor-related protein (LRP)-5 and LRP-6. Upon ligand binding to the receptor complex, the intracellular disheveled protein is activated, leading to inhibition of GSK-3β activity. This in turn stabilizes β-catenin, allowing it to translocate to the nucleus where it interacts with lymphoid enhancer factor and T-cell factor to activate the transcription of numerous genes that promote osteoblast differentiation. In the absence of Wnt ligand binding, GSK-3β actively phosphorylates β-catenin, marking it for degradation by the proteasome.
Various families of antagonists inhibit Wnt signaling and thus inhibit bone formation, including secreted frizzledrelated proteins (sFRPs), the Dickkopf family members (DKKs), and sclerostin [19] . The sFRPs are a family of secreted glycoproteins that downregulate Wnt signaling by binding Wnt proteins. The overexpression of sFRP1 in osteoblasts suppresses Wnt signaling and induces apoptosis, while its overexpression in mice has been shown to decrease bone density [20, 21] . Moreover, the deletion of the sFRP1 gene in mice results in increased bone volume and increased trabecular bone mineral density [22] . Within the Dickkopf protein family, DKK1 has received the most attention as a factor that inhibits bone formation by antagonizing Wnt signaling. Specifically, DKK1 cross-links LRP5/6 with Kremen to suppress Wnt signaling in mesenchymal precursor cells [23] . Overexpression of DKK1 results in osteopenia in mice, whereas suppressed expression leads to high bone mass [24, 25] . An increase or decrease in the serum level of DKK1 has been associated with inflammatory diseases such as RA and AS and likely contributes to the joint pathology in these diseases, as will be discussed later in this review [26, 27] .
Sclerostin is a glycoprotein secreted primarily by osteocytes that has been shown to inhibit bone formation by binding to and blocking the effects of the LRP5/6 receptor in the Wnt signaling pathway [28] . Loss-of-function mutations near or in the sclerostin-encoding gene SOST are associated with 2 diseases characterized by high bone mass, van Buchem's disease and sclerosteosis [29] . Van Buchem's disease is caused by a 52-kb deletion downstream of SOST, while sclerosteosis results from inactivating mutations in the SOST gene itself. These autosomal recessive disorders are characterized by bone abnormalities such as skull thickening and facial and jaw enlargement [30, 31] . The deletion of the SOST gene in mice mimics human sclerosteosis, resulting in higher rates of bone formation and high bone mass, while transgenic overexpression of SOST results in significant bone loss and decreased strength [32, 33] . In recent years, factors involved in regulating the Wnt pathway, such as sclerostin, have emerged as novel targets for the development of osteoanabolic agents [34] . Sclerostin blockade abrogates bone loss in animal models of osteoporosis and disuse-induced bone loss [35, 36] . Furthermore, in phase I clinical trials, the anti-sclerostin antibody has shown promising results, increasing bone mineral density in the lumbar spine and hips of postmenopausal women and healthy men [37] .
In addition to the Wnt signaling pathway, the BMP pathway also plays a critical role in osteoblast differentiation and bone remodeling. BMPs consist of a large group of growth factors that belong to the TGF-β superfamily. The most wellknown BMP signaling cascade involves activation of Smad proteins. The binding of BMP ligands to their membranebound receptors results in phosphorylation of intracellular SMADs (SMADs 1 and 5), which associate with SMAD4 to form a complex that enters the nucleus to promote gene transcription [38] . BMPs have been implicated in playing a role in inflammatory diseases, specifically in contributing to bone formation in AS [39] . Collectively, the complex and inter-related pathways that regulate bone resorption and formation illustrate the importance of maintaining bone mass and the essential balance between osteoclast and osteoblast activity.
Inflammation Perturbs Bone Remodeling
Disruption of the bone remodeling process is seen in several rheumatic diseases. Proinflammatory cytokines, including tumor necrosis factor (TNF), interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-17 (IL-17), disturb the balance between osteoclast and osteoblast activity, typically resulting in a net loss of bone. While their effects on bone are complex, these cytokines stimulate osteoclast differentiation by expansion of the osteoclast precursor pool, upregulation of RANKL expression in osteoblasts and/or synovial fibroblasts, and by synergism with RANKL itself [40] [41] [42] . Furthermore, proinflammatory cytokines can perturb the Wnt and BMP signaling pathways, leading to aberrant osteoblast activity [43] . In this review, 2 rheumatic diseases, RA and AS, serve as examples to elucidate the effects of inflammation on bone.
Bone Loss in Rheumatoid Arthritis
Chronic inflammation in RA leads to focal articular bone erosions within inflamed joints, as well as generalized osteoporosis in the axial and appendicular skeleton. This bone loss progresses throughout the disease, correlates with disease severity, and if left untreated, can lead to joint deformity and fractures [44] . Within the RA joint, inflamed synovially-derived "pannus" tissue invades into and erodes cortical, subchondral and trabecular bone (Figure 1, a) . Proinflammatory cytokines, secreted predominantly by macrophages, synovial fibroblasts, and lymphocytes within the inflamed synovium and pannus, mediate the erosive process by enhancing osteoclast differentiation and activity.
Impact of Inflammation on Resorption
It has been recognized since the late 1990s that the osteoclast is the cell responsible for bone resorption in RA [45] . Multinucleated TRAP-positive cells are present at the pannus-bone interface in both animal models of inflammatory arthritis and in RA [46] [47] [48] [49] [50] . Mice deficient in RANKL or mice that are otherwise deficient of osteoclasts are protected from bone erosions in murine models of inflammatory arthritis [51, 52] . Therapies that block the action of proinflammatory cytokines in RA not only reduce inflammation and disease symptoms, but also suppress or halt the associated bone resorption. Importantly, however, although these therapies impede bone erosions, repair of the existing erosions through new bone formation is limited [53] .
In RA patients, the role of anti-TNF therapy in combination with methotrexate on bone destruction and repair has been closely examined [54•] . After 12 months of treatment, magnetic resonance imaging (MRI) showed no overall progression or surrounded by inflammatory cells and adjacent to the insertion site of a large tendon (T, arrow). The schematic below depicts the site of new bone formation in AS, at areas of tendon/ligament insertion into bone. BM bone marrow, CB cortical bone, E erosion site, EI enthesial inflammation, NB periosteal new bone, P pannus, T tendon repair of erosions, suggesting that although bone loss was arrested, bone formation was not activated. At the level of individual patients, continued bone erosions and limited new bone formation were seen. Interestingly, this study and others have demonstrated a strong relationship between the progression of bone erosions and the presence of "bone edema" using MRI [55, 56] . Bone edema does not, in fact, represent fluid within bone, but rather it is the radiologic finding of osteitis, inflammation within the bone marrow space. This study also demonstrated that in the majority of patients, residual synovial inflammation persisted after 12 months of therapy. In addition, only 6 % of patients showed evidence of new bone formation and repair of erosions. These findings suggest that inflammation, even at low levels, may impede the ability of osteoblasts to form new bone and mend existing erosions.
Impact of Inflammation on Formation
Indeed, recent studies have shown that proinflammatory cytokines not only induce bone resorption, but also contribute to bone loss by direct inhibition of osteoblast differentiation. In culture, TNF inhibits osteoblast differentiation from pluripotent progenitor cells by decreasing Runx2 expression [57] . TNF also induces apoptosis in osteoblasts, as well as interacts with other proinflammatory cytokines such as IL-1β [58, 59] . Continuous exposure of osteoblasts in culture to IL-1β inhibits their differentiation, as evidenced by impaired alkaline phosphatase expression and bone nodule mineralization [60] . In addition, IL-1β has recently been shown to impair osteoblast migration toward chemotactic factors [61] . IL-6 impacts the osteoblast by binding to its sIL-6R. This interaction induces PGE2 synthesis and reduces the ratio of OPG/RANKL expression by the cells [62] .
These studies raise the interesting question as to whether inflammation not only induces bone resorption, but also may impair osteoblast differentiation and/or function in vivo.
The impact of local inflammation on osteoblast maturation and function was recently determined using a murine model of arthritis [63] . Inflammation was induced in mice using the K/BxN model of serum transfer arthritis and the number, state of differentiation, and function of osteoblasts were evaluated within sites of articular erosion. Histological sections from ankles of arthritic mice showed that although osteoblastlineage cells were present at sites of inflammation and erosion, the majority of these cells lacked markers of maturation (alkaline phosphatase and osteocalcin). Dynamic histomorphometry demonstrated that less mineralized bone is formed at bone surfaces adjacent to inflammation compared with surfaces adjacent to normal bone marrow. This finding indicates that bone formation is reduced at sites of inflammation, where formation should be enhanced, due to bone loss at these sites. Overall, these experiments support the hypothesis that factors within the inflamed joint impede bone formation at arthritic sites by inhibiting osteoblast maturation.
Matzelle et al. subsequently demonstrated that the complete resolution of inflammation within the joint does allow osteoblast activity to resume at sites of articular bone loss [64••] . Using the same K/BxN model of serum transfer arthritis, inflammation and bone erosion were induced in wild type mice and inflammation was then allowed to resolve completely. At the peak of inflammation and production of proinflammatory cytokines, bone erosions and cortical breaks were evident in articular bone. However, after inflammation resolution, the presence of mature osteocalcin-expressing osteoblasts was demonstrated at sites of eroded bone. In addition, dynamic histomorphometry demonstrated that as inflammation resolved, osteoblast activity and bone formation at eroded surfaces significantly increased, indicating, "repair" of erosions. Taken together, these findings demonstrate that osteoblast-mediated bone formation can resume and bone erosions can be repaired once inflammation has completely abated.
In this same study, the impact of inflammation on the expression of Wnt agonists and antagonists in synovial tissue was evaluated. During peak inflammation, mRNA expression of the Wnt antagonists sFRP1 and sFRP2 was induced in ankle joint synovium, whereas mRNA expression of the Wnt agonist Wnt10b was suppressed below levels of nonarthritic mice. As inflammation resolved, sFRP1 and sFRP2 mRNA expression decreased and Wnt10b mRNA expression increased. These findings support the hypothesis that inflammation may inhibit osteoblast differentiation through modulation of the Wnt signaling pathway. In fact, this hypothesis was put forth in a study using a blocking antibody to DKK1 in a TNF-driven model of inflammatory arthritis [65] . In this model, blockade of DKK1 from arthritis onset was shown to prevent erosive joint destruction. In addition, sites at which bone erosion would typically be seen were converted to sites of periosteal bone formation, suggesting that DKK1 may play a key regulatory role in determining the outcome for bone in arthritis. Importantly, treatment with the anti-DKK1 antibody did not lower the level of inflammation in arthritic mice; thus, despite the presence of synovitis, treatment still prevented bone erosions. TNF was shown to induce DKK1 expression in vitro and in vivo. It has also been shown that DKK1, in turn, elevates SOST expression levels, which would further inhibit Wnt signaling [66] .
These data have been supported by studies examining the role of DKK1 in human disease. Clinically, DKK1 serum levels are significantly increased in RA subjects compared with healthy controls. Additionally, TNF blockade in RA patients has been shown to reduce elevated DKK1 levels to a near normal range [26] . Sclerostin has also been shown to contribute to the persistence of bone erosions in inflammatory arthritis. In arthritic TNF-transgenic mice, sclerostin blockade was initiated after the onset of inflammation and was shown to block the progression of bone and cartilage destruction. Importantly, the combination of anti-TNF and anti-sclerostin antibodies increased peri-articular osteoblast numbers and partially reversed the focal bone erosions, suggesting that combination therapy may repair the joint destruction involved in inflammatory arthritis [67••] .
Clinical Considerations
Prevention of bone erosions is still an important endpoint for the treatment of RA. Bone erosions have been correlated with more severe disease and with long-term disability in RA patients [44] . Furthermore, studies in animal models of RA have clearly shown a close relationship between cartilage loss and erosion of subchondral bone, which provides the "scaffold" for cartilage. In arthritic RANKL-deficient mice, protection from subchondral bone loss resulted in partial protection from cartilage loss, due to preservation of the supporting subchondral bone [51] . t is also likely that changes in mechanical forces that result from bone erosion contribute to loss of articular cartilage. The functional importance of the healing of existing bone erosions, however, is a separate issue.
It is clear from careful studies of RA patients treated with potent anti-inflammatory biologic agents that although inflammation is clinically controlled and the erosive process is slowed or even halted, healing of bone erosions is not commonly observed. Finzel et al. evaluated the effects of TNF or IL-6 antagonist therapy on repair of bone erosions in RA using high-resolution microcomputed tomography [68, 69••] . After 12 months of therapy, the dimensions of individual bone erosions decreased, but complete healing was not observed. These studies demonstrate that initiation of new bone formation in RA can occur, but repair of erosions is quite limited. Studies from our laboratory, previously discussed [63, 64••] , suggest that one reason for this may be the persistence of joint inflammation despite the appearance of "clinical remission." Indeed, several studies using high-resolution radiographic techniques have demonstrated the persistence of inflammation in such settings [54•] . If persistent inflammation is responsible for lack of erosion healing, then healing of bone erosions could be considered as a surrogate marker for more complete control of inflammation in clinical trials of new therapeutic agents. Alternatively, however, chronic inflammation in the bone marrow space in diseases such as RA may lead to significant changes in cellular composition, including a decrease in the mesenchymal pool of osteoblast precursor cells available to ultimately form bone to repair erosions.
Bone Formation in Ankylosing Spondylitis
Although the inflammatory milieu in RA leads to bone loss, inflammation in rheumatic diseases can also promote bone formation, as is seen in AS and other spondyloarthropathies [70] . AS is a rheumatic disease characterized by chronic inflammation that primarily affects the spine and sacroiliac joints, although peripheral joints are also commonly involved. Inflammation in the AS spine occurs outside of the joint synovium at sites of entheses, areas of contact between tendons or ligaments and bone. Over time, bone deposition accrues at inflamed enthesial sites, ultimately resulting in syndesmophyte formation, fused facet joints, back pain, and reduced mobility (Fig. 1, b) .
The Wnt antagonists DKK1 and sclerostin have been implicated in the pathogenesis of bone accrual in AS. The role of DKK1 in ankylosis of the spine has been studied in mouse models of inflammation. In the TNF transgenic model, neutralization of DKK1 promoted ankylosis and the fusion of sacroiliac joints [71••] . Recently, the proteoglycan-induced spondylitis mouse model (PG1Sp) was used to evaluate the contribution of Wnt signaling to ankylosis [72] . In these mice, inflammation was induced for 12 weeks, resulting in excessive bone matrix formation at the periphery of intervertebral discs. The mRNA expression levels of DKK1 and SOST in the spine of the mice were reduced by 49 % and 63 %, respectively, compared with control mice.
In contrast to patients with RA, where DKK1 levels have been shown to be elevated, DKK1 levels in AS are below normal levels compared with healthy controls. As DKK1 is an inhibitor of Wnt signaling and thus an inhibitor of bone formation, lower DKK1 levels would permit bone formation. Functional activity of DKK1 has been investigated by capture ELISA with its receptor LRP6 in samples of serum from 65 AS patients [27] . Patients with higher functional levels of DKK1 showed less syndesmophyte formation in the spine than patients with lower DKK1 activity. This suggests that lower levels or decreased activity of DKK1 may contribute to the excessive bone formation seen in AS, and that DKK1 may serve as a biomarker for osteophyte formation.
Sclerostin may also contribute to the bone changes seen in AS. Sclerostin expression in peri-articular bone from AS patients was found to be significantly reduced compared with healthy patients. Additionally, patients with AS were shown to have reduced serum levels of sclerostin compared with healthy individuals, and radiographic progression of bone formation in AS has been associated with decreasing levels of sclerostin [73] . These findings support the hypothesis that sclerostin may also act as a biomarker for predicting progression of bone formation in AS patients. Taken together, these data support a role for aberrant Wnt signaling in the pathogenesis of bone accrual in AS.
In addition to the Wnt signaling pathway, the BMP pathway may also contribute to bone formation in AS. The BMP pathway was studied in the DBA/1 model of spontaneous arthritis, in which mice develop ankylosing enthesitis [39] . At various stages of enthesitis, immunohistochemistry revealed the presence of BMP2, BMP6, and BMP7 proteins, while gene transfer of noggin, a BMP antagonist, inhibited the progression of ankylosis in these mice. Activation of BMP signaling was also demonstrated in AS patients by the presence of nuclear phosphorylation of Smads1/5 in enthesial biopsies from the Achilles tendon [39] . In addition, serum concentrations of BMP2 and BMP4 were higher in AS patients with spinal fusion compared with patients without spinal fusion or healthy controls [74] . These studies suggest that BMP signaling may play a role in the process of periosteal bone and syndesmophyte formation in AS.
The effect of cytokines on the excessive bone formation in AS is still under active investigation. Although TNF antagonists reduce the inflammation and symptoms associated with AS, they do not significantly impede the progression of new bone formation, leaving the question as to which cytokines are indeed responsible for bone accrual in this and related diseases [75, 76] . Several studies have identified IL-23 as a cytokine involved in the pathogenesis of AS. Increased serum levels of IL-23 are found in AS patients and polymorphisms in the IL-23 receptor have been linked to this disorder [77, 78] . Therefore, investigators have examined the potential role of IL-23 in inflammation and bone formation in spondyloarthropathies. Sherlock et al. have demonstrated a role for the cytokines IL-23 and IL-22 in the development of enthesitis and bone formation, respectively, in a mouse overexpression model [79••] . Interestingly, the authors demonstrated that IL-23 overexpression alone promotes both enthesitis and spondylitis. Indeed, after 6 days of IL-23 overexpression, severe enthesitis was observed and after 18 days new bone formation was seen within the mouse entheses. Through imaging techniques and by isolating cells at the entheses, a population of CD3 + CD4 -CD8 -T cells was identified that expresses the IL-23 receptor. Upon stimulation with IL-23, these T cells are induced to express inflammatory genes as well as IL-22, a cytokine involved in bone formation. IL-22 was shown to upregulate mRNA expression for factors that promote bone formation, including Wnt10b, BMP4, and alkaline phosphatase. Overall, these studies provide early evidence for the hypothesis that neutralization of IL-23 may alleviate not only the inflammation associated with AS, but also the bone accrual that is so disabling for patients with this disease [80] .
Conclusions
The effects of proinflammatory cytokines on the osteoclast and osteoblast are numerous and are still being revealed. It is clear, however, that these cytokines disturb the tightly regulated balance between bone formation and resorption. Diseases that may serve as prototypes for the impact of inflammation on bone include RA, in which bone is eroded at articular sites, and AS, in which bone formation occurs at enthesial sites. Cytokines expressed in the inflamed synovium in RA, including TNF, IL-1, IL-6 and others, induce osteoclastogenesis through the upregulation of RANKL and through direct effects on osteoclast differentiation and function. In addition, the inflammation inhibits osteoblast maturation and new bone formation at least in part through modulation of the Wnt signaling pathway. Evidence exists that the Wnt signaling pathway is also modulated by proinflammatory cytokines in AS, while IL-23 has recently emerged as a cytokine that appears to contribute to enthesitis and new bone formation in this disease. While current therapeutic strategies aim to reduce the inflammation associated with rheumatic diseases, effects on promoting repair of damaged articular bone in RA or preventing progression of bone formation in AS have yet to be fully realized. Further elucidation of the pathways and factors mediating these processes may lead to the development of novel agents that will more directly impact bone in these diseases.
